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We study electromagnetic properties of the nuclcon and Roper resonance in a 
chiral quark-diquark model including two kinds of diquarks needed to describe the 
nucleon: scalar and axial- vector diquarks. The nuclcon and Roper resonance are 
described as superpositions of two quark-diquark bound states of a quark and a 
scalar diquark and of a quark and an axial-vector diquark. Electromagnetic form 
factors of the nucleon and Roper resonance are obtained from one-loop diagrams 
where the quark and diquarks are coupled by a photon. We include the effects of 
intrinsic properties of the diquarks: the intrinsic form factors both of the diquarks 
and the anomalous magnetic moment of the axial- vector diquark. The electric form 
factors of the proton and neutron reasonably agree with the experiments due to the 
inclusions of the diquark sizes, while the magnetic moments become smaller than 
the experimental values because of the scalar dominance in the nucleon. The charge 
radii of the Roper resonance are almost comparable with those of the nucleon. 



1 Introduction 

Diquarks or diquark correlations, wliicli are strongly attracted two quarks, are 
known to play important roles in several phenomena, such as the ratio of the 
structure functions \im F2 (x) / F2 {x) 1/4, A/ — 1/2 rule in semi-leptonic 

weak decays, recent exotic studies and so on 1 . The existence and applications 
of the diquark correlations are of recent interests and have been investigated 
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extensively. Recently, we have proposed a quark-diquark description of the 
Roper resonance as a partner of the nucleon , where diquarks played a crucial 
role on the existence of the Roper resonance and its excitation energy. 

Diquark models describe the nucleon as a superposition of the two kinds 
of the quark-diquark bound states: a bound state of a scalar diquark and 
quark and of an axial-vector diquark and quark. If the spin-flavor symmetry 
SU{A)sF is an exact symmetry, the nucleon is restricted to be the linear 
combination of those quark-diquark bound states with the equal weight due 
to the Pauli-principlc. On the other hand, if SU{4:)sf is not an exact one, 
the nucleon can be an arbitrary linear combination. In addition, not only 
the nucleon but also the other state orthogonal to the nucleon are allowed 
to appear as a physical state. Most famous effect of the spin-flavor violation 
is the color magnetic interaction between quarks, as it generates the mass 
difference between the nucleon and A(1232) being about 300 MeV. Hence the 
mass difference between the nucleon and the other state is expected to be the 
typical order of SU{4)gp violation A/a ~ Mjy ^ 300, which is comparably 
smaller than the nodal excitation energy of the Roper resonance 2huj. 

In Ref. we showed that the two quark-diquark bound states were iden- 
tified with the nucleon and Roper resonance by evaluating their masses in the 
framework of a chiral quark-diquark model. The chiral quark-diquark model 
incorporates the two kinds of diquarks. We assumed the mass difference be- 
tween the scalar and axial- vector diquarks to be an order of the color magnetic 
interactions. Hence we have this amount of the mass difference between the 
pure bound states of a quark and a scalar diquark and of a quark and an 
axial-vector diquark. Introducing a mixing interaction for those two chan- 
nels causes an additional mass difference, as we are familiar with two-level 
problems in quantum mechanics. In this model setup, we showed that the 
mass difference between the two states were about 300-600 MeV. Assigning 
the low-lying state to the nucleon, the other state with the excitation energy 
about 500 MeV is naturally identified with the Roper resonance. 

In the quark-diquark description, the difference of the diquark correlations 
between the scalar and axial-vector types is a root cause of the violation 
of the SU{A)sp symmetry and of the appearance of the Roper resonance. 
In this sense the Roper resonance is a spin-partner of the nucleon having 
different diquark components of different spins, which is much different from 
conventional descriptions, the Nambu-Goldstone boson exchange ^, collective 
excitations such as the vibrational 4, and rotational mode ^. If the Roper is 
described by diquark correlations, its nature would be much different. 

In the present paper, we extend the chiral quark-diquark model to the 
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electromagnetic properties of the nucleon and Roper resonance. The method 
of the chiral quark-diquark model resembles the Faddeev approach of the NJL 
model with the static approximation, where Mineo et al. ^ investigated the 
electromagnetic properties of the nucleon. Hence we expect that the chiral 
quark-diquark model describes the electromagnetic properties of the nucleon. 
Since the Roper resonance appears with the nucleon, the properties of the 
Roper resonance is obtained simultaneously with the nucleon. 

This paper is organized as follows. In section [2] we construct the quark- 
diquark model for the quark and diquarks with the photon introduced via the 
covariant derivatives. In terms of the path-integral auxiliary field method, 
which we call the path-integral hadronization, the quark and diquark fields are 
transformed into auxiliary baryon fields. Expanding a Tr In term resulted from 
the path-integral hadronization, we obtain various loop diagrams describing 
hadron properties. We briefly review the kinetic and mass terms studied in 
Ref. where the auxiliary baryon fields are identified with the nucleon and 
Roper resonance. The electromagnetic properties of the nucleon and Roper 
resonance are obtained from loop diagrams where the quark and diquarks are 
coupled with a photon. We show numerical results in section [3l The final 
section is devoted to a summary. 

2 Framework 

We construct the chiral quark-diquark model and derive thek kinetic and mass 
terms, and electromagnetic properties of the nucleon and Roper resonance. 

2.1 Chiral Quark-Diquark Model 

We start from the SU(2)i^x SU(2)l chiral quark-diquark model ofl ^ l ^ l ^ l, 

+Dl [{d^ + Ml)g^, - d^d,] d: + (1) 

where Xc, and D^^ are the constituent quark, scalar diquark and axial- 
vector diquark fields, m^, Ms and Ma are their masses. The indices c rep- 
resent the color. Note that the diquarks microscopically correspond to the 
quark bi-linears: CabcXbXc ~ f-abcXbl i^lbTXc where x = X^ C^bij-z- 

Both the diquarks belong to color anti-triplets and baryons to singlets ^^^^C^. 
The term Cint is the quark-diquark interaction, which is written as 

C,nt = GsXcDlD,,Xc' + v{xcDlri''r-D^c'Xc' + XcT^t't • ^j^.i^c'Xc') 

+GaXc7^7V • Dl,T ■ D^^.^'-j'xc' , (2) 
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where Gs and Ga are the coupHng constants for the quark and scalar diquark, 
and for the quark and axial- vector diquark, while v causes the mixing between 
the scalar and axial- vector channels in the nucleon. The term Cint is invariant 
under the non-linear chiral transformation!^^. 

The quark-diquark interaction terms are gathered in a simple form 

Cint = ipGip, (3) 

where we employ matrix notations, 



Gs V 
V Ga 



(4) 



Note that the quark-diquark fields Dx and 1?^ • t^^^^x have the quantum 
number of the nucleon. Here and from now on, we omit the color indices. 
The photon field is introduced via the gauge couplings = d^+iQA^ 
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C,D = X iSy' x + (A)-' D + D^'^^ (A^^j + ^G^, (5) 

where we have introduced the shorthand notations 5, A and A^t^: 

(5)-^ = (5")-Vr^A^, (6) 
(A)-^^(A")-Vr^A^, (7) 

{^%Y' - {^'^ ^%y" +^7.0^,. (8) 

5°, A*' and A^^ are the bare propagators of the quark, scalar diquark and 

axial- vector diquark and F^, and F^'^^ are the electromagnetic vertices 
for the quark, scalar and axial-vector diquarks given as 

= -Q,7^ (9) 
r^(pi, P2) = -Qs(Pi+P2r, (10) 

+ l^{9aiP2 - + QfjiPl ~ P2)a) ■ (H) 



Here pi and p2 are the momenta of the incoming and outgoing diquar ks, and k 

is an anomalous magnetic moment of the axial- vector diquark I I I. Qq, Qs 

and are the charges of the quark, scalar diquark and axial- vector diquark, 

as defined by Qg = T0/6 + T3/2, Qs = 1/3, Qf = diag(4/3, -2/3, 1/3), where 
^ £)0), 
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Next we carry out the path-integral hadronization to introduce baryon 
fields. To begin with, we introduce auxiliary baryon fields in Eq. ([5]), 

^qDB ~ C,qD — BG ^B. (12) 

B ~ {Bi,B2)^ is a two component auxiliary baryon field, which correspond 
to Bi ~ Dx and B2 ^ f ■ D^'y^^^x- Eliminating the quark and diquark fields 
using the path-integral identities Eq. (fT2|l is reduced to 



Cb ^ ~BG-^B + iTThi{l- A). (13) 
Here the matrix A is defined by 

A=f"""i2V (14) 
\a2i 022/ 

an = A^BiSBi, (15) 

ai2 = A^B2T*7"7''^^Si, (16) 

021 = iA'^,fBiSn'T^B2, (17) 

a22 = {A%fB2Yl'r'Sr^'T^B2. (18) 



Though the Lagrangian Eq. (|13p looks simple, it contains many physical in- 
gredients, which are explicitly obtained by the expansion, 

Tr ln(l - A) = - (^A + iyl^ + + . . . (19) 

and by the expansion of the propagators Eqs. ([8|), for instance for the quark, 

S = So-So{T^^A^)S„ + ---. (20) 

Similarly, the propagators of the scalar and axial- vector diquarks are expanded 
in a series of the photon fields. Since Eq. ()19|) is the expansion in powers of the 
baryon fields, the first term describes static properties of the baryons, the sec- 
ond term baryon-baryon interaction. While Eq. (|20p is in powers of the photon 
fields. In the subsequent sections, we study mass terms and electromagnetic 
couplings of the baryons by taking relevant terms of these expansions. 



2.2 Mass Terms 

Due to the nature of the auxiliary fields, B12 do not have the kinetic and 
mass terms intrinsically. They are obtained from loop diagrams comprised of 
the quark and diquarks, then B12 are identified with the physical states. 
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Taking the first terms both of the expansions Eqs. ([T9)) and (|^D|) . we 
obtain one-loop diagrams shown in Fig. ([T]). Up to this order, the Lagrangian 
Eq. (fT5|) is written as 

V ^a{p)J \g\ \-yGsJ ^ ^ 

where \G\ = detG = GsGa — ■ The scalar and axial- vector diquark contri- 
butions to the self-energies, S5 and S^, are given as 

„ . N f d'^k 1 ri — k + m„ , ^ 

= -^^^y (2^Tti^>75n^^-|^r,7.75. (23) 

Here Nc is the number of colors. We regularize these self-energies by the 
three momentum cutoff scheme following the previous work El. With the 




p-k 



Figure 1. A diagrammatic representation of the baryon self-energies. The sin- 
gle, double and triple lines represent the quark, diquark and baryon respec- 
tively. The blobs represent the three point quark-diquark-baryon interactions. 



three momentum cutoff, E5 and TtA are decomposed into Lorentz scalar and 
vector (7°) parts as 

^s{po)--i-GA = Zs\po^'-as), (24) 
|G| 

EAipo) - -^Gs = Z^\po^° - aA), (25) 
1^1 

where we employ the baryon rest frame p^ — (pq , 0) . The bare baryon fields 
Bi 2 are now renormalized as 



B2 J V V ZaB2 



(26) 



with which the Lagrangian (|2T|) is reduced to 

C^B'{poi'' -M)B' . (27) 



Here the mass matrix M is given as 

/ as 

M 



— V ZsZa 



\G\ 



(28) 



When there is no mixing interaction (u = 0), B[ 2 become the physical states 
with as and aA being their masses. In the presence of the mixing, the physical 
states are obtained by the diagonahzation of the mass matrix with an unitary 
transformation: 

B' = U^N, UMU'^ = diag(A/i, M2). (29) 
Finally, Eq. (P7)l becomes 

C = iVi(po7° - Mi)Nx + N2{pof - M2)iV2, (30) 
where the eigenvalues M\^2 and eigenvectors N = {Ni, iV2)^ are obtained as 



Mi,2 = 77 



as + aA± 



\ 



[as-aAY + AZsZA ( 



Ni = cos (t)B[ + sin (/fSj 
N2^ - sin (t)B[ + cos , 

and the mixing angle </> is given by 



tan ( 



\G\^/Z^{as - Ml) 



(31) 

(32) 
(33) 



(34) 



Eq. pip should be read as a self-consistent equation where the quantities on 
the right hand side are functions of Afi.2. The equations are then equivalent 
to the Schrodinger equation for the quark-diquark system interacting through 
the delta function type interaction with a suitable cutoff. 



2.3 Electromagnetic couplings of the nucleon and Roper resonance 

We proceed to the electromagnetic terms obtained from the first term of 
Eq. HI]) and second one of Eq. (PU)) . 



C 



BB-f 



-B'ip') 



(35) 



where As{q) and Ayi(g) are the electromagnetic form factors of B[ and B2, 
respectively. Each of them consists of the contributions from quark-photon 



and diquark photon couplings, as shown in Fig. [21 

A^(9)-A^,(9) + A^^(g), (36) 
K>\{q)^KX{q)+K%{q). (37) 

Their Feynman integrals are given by, 



k . k 




q q 

Figure 2. The electromagnetic couplings of the baryons. The left and right 
panels show the contribution from the quark and diquarks. 

A^^(g) = iQ,N,Zs J ^Ao{k)Soip' - k)rSo{p - k), (38) 

^^SDil) = -iQsN.Zs J ^Mp' - ^)rg(p, p')Ao{p - k)Soik), (39) 

Kgil) = liN^ZAiro ~ T,) J ^Afikh^j.Soip' - k^^Soip - k)^p^,, 

(40) 

A^^(g) = 3iiVcZA(To+2T3) 

X I ^Ao„Mp'-fc)(-rl^^(p, p'))Ao,s{p-k)ri5So{kh'-/'. 

(41) 

where p and p' are the four-momentum of B[ 2 in the initial and final states, 
and q = p' — p is the four-momentum transfer carried by the photon. Note 
that each B[ 2 is an isodoublet having two components: the charge +1 and 0. 
Then tq and T3 describe the iso-scalar and iso-vcctor form factors. 

For the computation of the form factors at finite momentum transfer q ^ 
0, we employ the Breit frame defined by p' = (po, 9/2), p = {po, —q/2), q = 
{0,q)- The form factors A^, {a = Sq, SD, Aq, AD) are decomposed into 
the electric form factors A"(q) — {q'^)'-f'~' , and the magnetic form factors 
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Cbb^ = - B\v') 
- B'{p') 



1, 2, 3). Then Eq. §^ is reduced to 













Kf{q^) 



ieijkCrjqkB'{p)Ai. 



(42) 



By the unitary transformation Ea. (|29p . we obtain the electromagnetic cou- 
plings of the nucleon and Roper resonance as 

Cnn^ = ~N{p')F''{f)j°N{p)Ao - N{p')F^'{q^)iUjk<JjqkN{p)A,, (43) 

where F^'*^ are defined by the unitary transformation of Eq. p2)) : 



if) = u 



if 







COS ( 



A 





E,M 



if 



(A^ — )smcos( 



. E.M • 2 - /A E,M 

Av sm (A^' 



Ac sm ( 



Ag ) sm cos <p 

\E.M 2 

A^ cos I 



(44) 



Eq. pi)l is the 2x2 matrix in the nucleon-Roper space, and each element is 
also a 2 X 2 matrix in iso-doublet space. Therefore, Eq. (144]) describes the 
electromagnetic properties of the four particles: the nucleon (p and n), and 
the Roper resonance {p* and n*), where p and p* have the charges +1 and n 
and n* have 0. Thus the diagonal elements describe the form factors of them, 
while the off-diagonal ones their transitions. In the present paper, we shall 
study the diagonal components. The off-diagonal terms should be calculated 
in other frame, for instance the Roper-rest-frame. 
It is convenient to redefine the form factors as 



Koil) 
KM 
Koil) 



liro-rs)A^Xq, 
3(to + 2r3)A!; 



AD- 



(45) 
(46) 

(47) 
(48) 



Then, the electric form factors of the proton and neutron are given as, 

2 , p , _.n , 1 



G^iq') 



GfAf) = 



i^Uf) 



^SD 



if 



■^^+[0-Aliq-') + Af^iq-^)] sin^^, 



(49) 



-iA§^iq') + UUq') 



COS 



\Al{q-')-l-AUf) 



sm 



(50) 
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Those of the Roper resonance are obtained by the substitution of s'm cf) 
cos 4>. The magnetic form factors of the proton and neutron are given by, 

G^iq"^) _ 2 . ,r 1 
2Mn ~ 3' 



cos' + [0 • A%{q') + A%if)] sin^ 0, 



2Mn 



(51) 

„2 / 



(52) 



Again, those of the Roper resonance are obtained by the substitution of 
sin (j) <-> cos (j) and Mn — > Mr. 



2.4 Intrinsic Properties of Diquarks 

The form factors are defined with the point-hke diquarks. It is natural that the 
diquarks have intrinsic structures. First, the axial- vector diquark may have 
an anomalous magnetic moment, which was already introduced in Eq. (jlip . 
In addition both the diquarks have intrinsic form factors. Expressing those 
intrinsic form factors by Aj^aiq'^), (a — SD, AD), they can be included by 
multiplying to the original ones 

A„(g^)^A„(q2)A,,„(<r2). (53) 

Here we introduce a common form factor for both the electric and magnetic 
terms. Then we parameterize them as, 

Ai,sDif) = , L,^ „ (54) 



{l + qybsY 
1 



(55) 



We have employed the monopole and dipole shapes for the scalar and axial- 
vector diquarks, followed by KroU et al. Those shapes are obtained by 
considering the magnetic form factors of the nucleon in high energy region. 
Although it is not obvious that the parameterization can be applied to the 
low-energy region (< 1 GeV) we are interested in, we shall employ Eqs. (j55p in 
order to decrease the number of parameters. The values of bs and bA control 
the sizes of the diquarks. Explicitly the radii of the diquarks are given by 

6 

)s 



12 



(56) 
(57) 
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3 Numerical Results 



3.1 Masses and Parameters 

For numerical calculations, we first explain the model parameters. The con- 
stituent mass of the u, d quarks ruq and the three momentum cutoff A are 
deter mined i n such a way that they reproduce meson properties in the NJL 
model li^. The masses of the diquarks may be also calculated in the NJL 
model HSHSl. We choose the mass of the scalar diquark Ms=650 MeV. The 
mass difference Ma — Ms is related to that of the nucleon and A(1232). 
Hence, we assume the mass difference Ma — Ms = 400 MeV with the mass 
of the axial- vector diquark Ma = 1050 MeV0. The quark-diquark coupling 
constants Gs, Ga and v are determined so as to reproduce the masses of the 
nucleon and Roper resonance^. The parameters are summarized in Table [1] 



Table 1. The parameters used in this model. 



ruq [GeV] Ms [GeV] 


Ma [GeV] 


niN [GeV] 


TOfl [GeV] 


0.39 0.65 


1.05 


0.94 


1.44 


A [GeV] Gs [GeV-'] 


Ga [GeY-'] 


V [GeV-'] 


(f) [degree] 


0.6 102 


11.2 


23.2 


18.4 



In the previous section, we have introduced three parameters, 65, bA 
and K. We employ bs — 1.25 [GeV^] with the radius of the scalar diquark 
(r^)^^ = 0.50 [fm] obtained in the NJL model In Ref. the axial- 
vector diquark has the large size 1 '--^ 2 [fm]. Rather we assume that the 
axial- vector diquark is smaller than the nucleon, and that it is larger than the 
scalar diquark, because there are no strong attraction between the quarks in 
the axial-vector diquark. Hence the axial-vector diquark size is assumed to 
be within a range {r'^)K^ = 0.6 ~ 0.9 [fm]. Within this range, we determine 

(r^)y^ = 0.82 [fm] with bA = 0.7, which are appropriate to reproduce the 
charge radii of the proton and neutron 0. 

For the determination of k, it turns out that it is not easy to reproduce 
the magnetic moments of the nucleon with a reasonable value of n, because 

" In the lattice QCD calculations, Orgmos obtained Ma - Ms = 360 MeV US! while Hess 
et al. obtained Ma - ~ 100 MeV^. Note that Hess obtained Ma - Mjv ~ 180 MeV. 
''KroU et al. employed smaller diquark radii, or larger values of bg and bA rather than 
our' s. R ecent lattice calculation reported larger values of the scalar diquark size about 1 
[fm] HSl. It is not suitable to reproduce the charge radii of the proton and neutron in the 
present model setup. 
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of the scalar dominance with the small mixing angle (j) ^ 18°- Then, we 
shall qualitatively investigate the effects of k to the magnetic moments with 
employing k — 2, which is larger than the values used in KroU et al. 

3.2 Electromagnetic Properties 




Figure 3. The eight fundamental form factors. The topped and bot- 
tomed figures show electric and magnetic form factors, where the left 
and right panels show the scalar and axial- vector channels. The solid 
and dashed lines are for the quark and diquark contributions. 

The top panels of Fig. [3] show the electric form factors Af^ 
Here we do not include the intrinsic diquark form factors, hence the figures 
show the distributions of the orbital motion of the quark and diquarks. In 
both the scalar (left panel) and the axial-vector (right) channels, the quark 
contributions have larger q'^-dependence than the diquarks A^^, 
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In addition, the quarks have almost the same distributions in the scalar and 
axial- vector channels. This is understood from the system of a lighter quark 
and a heavier diquark, where the quark moves further from the center of mass 
than the diquarks. Since the quark-scalar diquark and quark-axial- vector di- 
quark bound states have the same binding energy 50 MeV, the quarks have the 
similar spatial distributions and kinetic energies. As for the diquark contri- 
butions, the scalar diquarks have larger g ^-dependence than the axial-vector 
diquarks, however both of them are almost negligible. The bottom panels of 
Fig. [3] show the magnetic form factors of A;^^ The magnetic mo- 

ments are dominated by ^5^, while the other contributions are rather small, 
which is consistent with the Faddeev equation by Mineo et. al^^. 




g2[GeV2] ^2[GeV2] 

Figure 4. The electric form factors of the proton (left) and neutron (right). 
The dotted, dotted-dashed, solid and dashed lines are for the cases (i), (ii), 
(iii) and (iv). The experimental data are taken from' — ' — 



Figures m show the electric form factors of the proton and neutron. To see 
the effects of the intrinsic diquark form factors, we consider the following four 
cases; case (i) include the intrinsic form factor only for the scalar diquark, 
case (ii) only for the axial-vector diquark, case (iii) for both the diquarks 
and case (iv) for neither the scalar nor axial-vector diquarks. The intrinsic 
form factor of the scalar diquark improves both Gp and G^, while that of 
the axial- vector diquark improves Gp but G^ . Including both the scalar and 
axial-vector diquark form factors, we obtain the reasonable results both for 
G^ and in the region < g ^ < 1 [QeV^]. 

Figures [5] plot the magnetic form factors of the proton and neutron. Here 
we qualitatively estimate the effects of the anomalous magnetic moment k of 
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Figure 5. The magnetic form factors of the proton (left) and neutron (right). 
The soUd and dashed hnes are for k — and k = 2. The experimental data 
are taken from 



the axial- vector diquark by considering two cases; one is a result with k = 
and the other is with k = 2. For both cases, the intrinsic diquark form factors 
are included. We find that the magnetic moments of the proton and neutron 
are underestimated even if we include the anomalous magnetic moment: fip = 
1.6 (exp. 2.8), /x„ = —0.76 (—1-9) for k = 2. The deficiency is mostly found in 
the iso-vector magnetic moments: us = 0.42 (exp. 0.44) and fiy = 1-2 (2.4). 
It is caused by the ratio of the weight factors cos^ (f> : sin^ = 9:1 due to 
the small mixing angle (j) — 18°. Since the magnetic moments of the nucleon 
are dominated by the scalar channels, the anomalous magnetic moment of the 
axial- vector diquark does not contribute /Xp „ largely @. 

Mineo et al. showed that the electromagnetic transition vertex between 
the scalar and axial- vector diquarks enhanced the magnetic moments around 
2.3 for proton and —1.5 for neutron. They also showed that the remaining 
deficiencies were supplied by the effect of the pion0. Similar results were also 
obtained in the covariant quark-diquark model by Oettel et al. We can ex- 
pect that the transition vertex contributes the magnetic moments largely, be- 
cause the contribution of the transition vertex appear with a factor sin 4> cos 4>. 
In addition, the transition vertex contributes only to the iso-vector magnetic 



Szweda et. al. 1221 and Hellstern et al.l2il showed that the magnetic moments are reproduced 
with the smaller value of the axial-vector diquark mass. In our model, we can not employ 

a small mass for the diquark because of the lack of confinement. 

''The importance of the pion has been extensively studied, for instance see Refs. I ^0 | 21 | 
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moment, where the deficiency is observed in our results. 




g2[GeV2] g2[GeV2] 

Figure 6. The electric form factors of the Roper resonance, p* (left) and n* 
(right). For a reference, the dashed lines are for the proton and neutron. We 
employ bs = 0.96, bA = 0.7 [GeV^]. 



Now we proceed to the Roper resonance. Figures [6] show the electric form 
factors of the Roper resonance. The slope of p* at g ^ = is comparable to 
that of the proton, precisely the slope of p* is slightly larger than that of p. 
Therefore the charge radius of p* is larger than that of p. This is understood 
from that the charge radius of p is dominated by the orbital motion of the 
quark in the scalar channel, while that of p* is dominated by the intrinsic 
size of the axial- vector diquark owing to the small mixing angle and negligible 
orbital motion of the diquarks. For the neutron component (right panel), the 
charge radius of n* are almost same value as that of n. For the charge radius 
of n, the orbital motion of quark with the charge +1/3 and the intrinsic size 
of the scalar diquark with —1/3 almost cancel, however the former is slightly 
larger than the latter. Owing to this cancellation, the charge radius of n 
become negative. There is also similar cancellation for the charge radius of 
n* . In this case, however, the intrinsic size of the axial- vector diquark is 
slightly larger than the orbital motion of the quarks. Hence the charge radius 
of p* becomes negative. We note that the charge radius of n* is sensitive to 
the intrinsic size of the axial-vector diquark, as shown in Table [2l which is 
also understood from the cancellation mechanism explained above. 

Figures [7] show the magnetic form factors of the Roper resonance. We also 
consider the following two cases: k — and k = 2. The magnetic moments of 
the Roper are affected largely by the value of k, in contrast to the case of the 
nucleon, as is easily understood from the axial- vector dominance of the Roper 
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Table 2. The charge radii for various values of bA, where fes=0.96 [GeV^]. 



bA [GeV2] 


{r')y' [fm] 




{r^)n [fm2] 


(r2)„. [fm^] 




0.7 


0.75 


0.84 


-0.074 


-0.046 


0.82 


1 


0.74 


0.73 


-0.067 


0.013 


0.68 


1.3 


0.73 


0.68 


-0.065 


0.036 


0.60 




Figure 7. The magnetic form factors of the Roper resonance, p* (left) and n* 
(right). The solid and dashed lines are for n — 2 and n — 0. We employ 
bs = 0.96, bA = 0.7 [GcV^]. 



resonance. In the case k = 0, the magnetic moments of the Roper resonance 
is smaller than those of the nucleon, while in the case k = 2 the strengths of 
them are reversed. Now, we discuss the effects of k. As we have explained 
we can obtain larger values of ^p,n 

by employing the larger values of k. In 
this case the magnetic moments of the Roper become extremely large. Hence, 
we can not determine the value of k at this moment, because there are no 
experimental data for the magnetic moments of the Roper resonance. Again, 
we expect several effects for the magnetic moments: the scalar-axial-vector 
diquark transition vertex, the pionic effect and so on. The determination of k 
should be done by including such effects and by reproducing the proton and 
neutron magnetic moments. Quahtatively, note that the magnetic moments 
of the nucleon and Roper can have different values. In the radial or collective 
excitation picture, they have the same amount of the magnetic moments, since 
the nucleon and Roper resonance have the same flavor wave-function. In the 
quark-diquark picture, the Roper has different diquark components from the 
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nucleon. Hence the magnetic moments of the Roper differ from those of the 
nucleon by the effects of the (difference of) diquark correlations. Finally, 
Table [3] summarize the properties of the nucleon and Roper resonance. 

Table 3. The charge Q, magnetic moment /i and charge radius (r^) of p, n, p* and n* . 
The experimental values are in the bracket. We employed bg = 0.96, 6a = 0.7 [GeV^]. 





P 


n 




P* 


n* 


Q 


1 







1 





Ii{k = 0) 


1.5(2.79) 


-0.73(- 


-1.91) 


0.82 


-0.172 


fi{K = 2) 


1.6(2.79) 


-0.76(- 


-1.91) 


2.1 


-0.61 




0.75(0.86) 






0.84 




{r^)E [fm^] 




-0.074(^ 


-0.12) 




-0.046 



4 Summary and conclusion 

We discussed the electromagnetic properties of the nucleon and Roper reso- 
nance in the chiral quark-diquark model. We showed that the mass difference 
between the nucleon and Roper resonance was reproduced by the difference of 
the diquark correlations between the scalar and axial-vector channels. Thus 
the appearance of the Roper resonance and its excitation energy is generated 
by the violation of the spin-flavor symmetry caused by the diquark correlation. 
In the present study, we employed the quark-diquark model in order to real- 
ize this scenario, however we should note that the violation of the spin-flavor 
symmetry is not restricted to the quark-diquark model, hence the present 
study can be applied to other approaches. 

With the intrinsic form factors of the scalar and axial- vector diquarks we 
reproduced the reasonable values of the charge radii both of the proton and 
neutron. On the other hand, we obtained the smaller values of the magnetic 
moments of them than the experimental values due to the small mixing angle. 
The deficiencies were mostly observed in the iso-vector magnetic moments. 
We expect that these deficiencies are compensated by the inclusion of the 
electromagnetic transition vertex between the scalar and axial- vector diquarks 
and of the pionic effects, as suggested by Mineo et al The pion cloud 
probably affects both the electric and magnetic form factors, then the present 
picture for the nucleon and Roper resonance should be considered as their 
core part. 

We investigated the electric form factors of the nucleon and Roper reso- 
nance, where we employ several values for the axial-vector diquark size from 
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(r^)y^=0.6 ^^0.8 [fm]. For the proton components, the charge radii of the 
p* and p are almost the same size and it is less sensitive to the diquark size. 
While the charge radii of n* is sensitive to the value of (r^)^^. When we 
employ (r^)y^=0.82 [fm], the charge radii of n* is almost comparable with 
those of the nucleon both for the proton and neutron components. 

In conventional picture of the collective excitation of the Roper resonance, 
the charge radii of the Roper resonance are larger than those of the nucleon 
both for the proton and neutron component. In the quark-diquark picture, 
the Roper resonance is a spin-partner of the nucleon with the different spin 
component. In this case the charge radius of the Roper resonance is smaller 
than those in the collective picture. 
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